Starch and glycogen define the two most widespread storage polysaccharides found in living cells. Both consist of a-1,4 linked and a-1,6 branched glucans but differ considerably in their structure and physico-chemical prop erties. Because starch accumulating plastids and cyanobac teria share a common ancestor, bacterial glycogen metabo lism should deserve attention as a "primitive" starch path way. In Escherichia coli two distinct a-1,4 glucan phos phorylases encoded by malP and glgP define respectively the maltodextrin and glycogen phosphorylases.'' malP is known to be required for assimilation of maltooligosac charides while glgP is highly suspected to be the major locus controlling glycogen catabolism. Both enzymes dif fer with respect to their abilities to digest glycogen and malto-oligosaccharides in vitro and by their sensitivity to inhibitors and activators. Unlike the maltodextrin phos phorylase, the E, coli glycogen phosphorylase is sensitive to inhibition by ADP-glucose (K 0.7 mM) and is slightly activated by AMP. Maltodextrin phosphorylase is also in volved in glycogen metabolism. The enzyme is required to digest the maltooligosaccharides series produced by the action of the malQ a-1,4 glucanotransferase during glyco gen breakdown.'' These maltooligosaccharides are pro duced through the release of maltotetraose from the glyco gen outer chains by the glgX type of debranching en zyme. The latter is required to complete the digestion of the glycogen outer chains through glycogen phosphory lase. This report reviews the recent evidence that was pro duced in Chlamydomonas with respect to the functions of the D-enzyme (an a-1,4 glucanotransferase analogous to the malQ gene product) and plant phosphorylases.
A gene disruption in the STAll locus of Chlamydo monas reinhardtii abolishes a-1,4 glucanotrans f erase activity.
Mutants of STAII locus have been previously docu mented to lead to a severe decrease in starch content in the monocellular alga Chlamydomonas reinhardtii. 2) The mutants were shown to specifically lack D-enzyme activ ity and were apparently unaffected in other enzymes in volved in polysaccharide metabolism. The remaining 5-10% starch synthesized by the mutants were proven to be enriched in low molecular mass amylose and to display a small but significant difference in the chain-length distri bution of their amylopectin (see Fig. 1 ).2)These observa tions led to the contention that D-enzyme was either di rectly involved in amylopectin synthesis or indirectly re quired for normal starch biosynthesis.2,3' In contrast to this first report, a T-DNA tagged mutant containing a disrup tion for the Arabidopsis D-enzyme structural gene was re ported to accumulate malto-oligosaccharides only in dark ness at the time of polysaccharide breakdown suggesting a function of D-enzyme in starch catabolism.4)In addition the mutants accumulated more starch than the wild-type strains during most of the photoperiod. This defines the first instance where the starch accumulation phenotypes displayed by similar mutants in different species are con flicting. However it was unclear that both the Arabidopsis and Chlamydomonas were defective for an a-1,4 glu canotransferase belonging to the same class of enzymes. In addition the Chlamydomonas mutant was generated through UV mutagenesis and therefore could behave dif ferently because of the possible presence of an inactive lsoamylase-debranched chains were analyzed by HPAED-PAD. Percentages of chains ranging between DP I to 16 (chains containing I to 16 glucose residues) are scaled on the y axis. Black bars: debranched chains of purified amylopectin from our "waxy" reference strain BAFRI (sta2-29: ARG7). White bars: debranched chains of gel permeation chromatography-purified amylopectin from the mutant JV45J (stall-1).
Grey bars: debranched chains of gel permeation chromatography purified amylopectin from the mutant CR 102 (stal 1-2). Accession numbers are as follow: S. tuberosum: QO6801, A. thaliana: I NP_201291, C. reinhardtii: AAG29839, Synechocystis: NP_440120, S. pneumoniae: NP_346526, C. buryricum: Q59266, A. thaliana 2: AAL91204, E. coli: NP_417875. This phylogenetic tree was built using the Clustal W method with the PAM250 residue weight table. played a phenotype analogous to that due to the UV generated stall-] mutation albeit more severe. In the strains disrupted for STAll the level of starch dropped further down to less than 2% of the wild-type amount. In addition the chain length distribution of the mutant amylopectin was also more distinctly modified (Fig. 1 ). All these defects cosegregated with the mutant stall-2 disruption allele confirming the importance of this locus in starch biosynthesis.
Moreover while the first results reported by Colleoni et al.2,3) concerned accumulation of starch during nitrogen starvation, the analysis reported by Wattebled et al.5)concerned also log phase 12 h day/12 h night growing algae actively synthesizing and degrading starch. Under these conditions the Chlamydomonas mutants were shown to produce malto-oligosaccharides during the phases of starch biosynthesis and to degrade them during the phases of net starch breakdown.' STAlI encodes D-enzyme. The Chlamydomonas D-enzyme cDNA and gDNA were recently cloned by Wattebled et al. ' The coding sequence predicts a 587 as protein with significant homology to the D-enzyme of potato and Arabidopsis (Fig. 2) . The sequence obtained from the stall-] mutant showed that one of the three highly conserved regions of the a-1,4 glucanotransferase (region I) carried a point mutation that changed a conserved glycine into a cysteine. In addition the stall-2 disruption showed large scale modifications of the gDNA that co-segregated with the mutation. These and other experiments proved beyond doubt that STAII encodes D-enzyme.
It is therefore concluded that both the Chlamydomonas and the Arabidopsis mutants are defective for an a-1,4 glucanotransferase of the same type. We believe the conflicting results obtained in Arabidospsis and Chlamydomonas point to a function of D-enzyme both in the process of starch synthesis and that of starch degradation. The relative contribution of a-1,4 glucanotransferases in Chlamydomonas reinhardtii contains two distinct forms of plastidial phosphorylases. In E. coli and other bacteria distinct glucan phosphorylases are responsible for glycogen catabolism and maltooligosaccharide assimilation.1,6) In plants a single plastidial dimeric plastidial phosphorylase composed of either one or two distinct but related subunits has been documented. 6)In Chlamydomonas crude extracts, it had been shown that the phosphorylase displayed an unusual sensitivity to inhibition by ADP-glucose. In order to get a clearer picture of the composition and function of the Chlamydomonas plastidial enzyme, plastids were purified and found to contain two distinct types of phosphorylases (phoA and phoB) (Fig. 3) . PhoA and PhoB were purified and shown to define homodimers of two unrelated forms of a-1,4 glucan phosphorylase. PhoA was shown to be much more active toward malto-oligosaccharides and displayed a high affinity with respect to this substrate. PhoB on the other hand was more active toward glycogen and displayed a very low K,. with respect to that substrate. In addition PhoB was shown to be exquisitely sensitive to the ADP-glucose inhibition suggesting that this form of a-1,4 glucan phosphorylase would be mainly active dur ing degradation.
Inactivation of the PhoB gene leads to a starch ex cess phenotype. Mutants of the STBJ gene lack the PhoB type of phos phorylase. These mutants obtained through X-ray mutage nesis were selected as strains overproducing starch. The mutants displayed a high amylose phenotype and showed an amylopectin with a modified chain length distribution. The starch excess phenotype ranged between a 2 to 10 fold increase in starch levels. Because of the starch excess phenotype of the stbl mutant and because the sensitivity of PhoB to ADP-glucose inhibition we believe that this form of starch phosphorylase is predominantly involved in polysaccharide breakdown.
The intricate pathways of starch biosynthesis and degradation: apology for a multicultural approach of the genetic dissection of starch metabolism. The results briefly reviewed above demonstrate that a-1,4 glucanotransferases and phosphorylases have an important role to play in starch metabolism. In Chlamydo monas D-enzyme was shown to be required during the phases of starch biosynthesis while in Arabidopsis evi dence was produced for its involvement in degradation.
Chlamydomonas has conserved the two forms of a-1,4 glucan phosphorylases found in E. coli and their dual function in polysaccharide metabolism. Because vascular plants do not display this duality in their set of plastidial phosphorylases, the consequences of the absence of en zyme activity are likely to be very different in these sys tems. Despite these differences we believe the knowledge generated by the analysis of mutants in microalgae will be useful to understand the function of starch metabolism in all systems. Indeed there are as many metabolic differ ences between the Chlamydomonas cell and higher plants as there are between the Arabidopsis leaf cell and the maize or wheat endosperm cell.
